Aims The cell cycle is controlled by cyclin-dependent kinases (CDKs), and CDK inhibitors are major regulators of their activities. The ICK/KRP family of CDK inhibitors has been reported in several plants, with seven members in arabidopsis; however, the phylogenetic relationship among members in different species is unknown. Also, there is a need to understand how these genes and proteins are regulated. Furthermore, little information is available on the functional differences among ICK/KRP family members. † Methods We searched publicly available databases and identified over 120 unique ICK/KRP protein sequences from more than 60 plant species. Phylogenetic analysis was performed using 101 full-length sequences from 40 species and intron-exon organization of ICK/KRP genes in model species. Conserved sequences and motifs were analysed using ICK/KRP protein sequences from arabidopsis (Arabidopsis thaliana), rice (Orysa sativa) and poplar (Populus trichocarpa). In addition, gene expression was examined using microarray data from arabidopsis, rice and poplar, and further analysed by RT-PCR for arabidopsis. † Key Results and Conclusions Phylogenetic analysis showed that plant ICK/KRP proteins can be grouped into three major classes. Whereas the C-class contains sequences from dicotyledons, monocotyledons and gymnosperms, the A-and B-classes contain only sequences from dicotyledons or monocotyledons, respectively, suggesting that the A-and B-classes might have evolved from the C-class. This classification is also supported by exon -intron organization. Genes in the A-and B-classes have four exons, whereas genes in the C-class have only three exons. Analysis of sequences from arabidopsis, rice and poplar identified conserved sequence motifs, some of which had not been described previously, and putative functional sites. The presence of conserved motifs in different family members is consistent with the classification. In addition, gene expression analysis showed preferential expression of ICK/KRP genes in certain tissues. A model has been proposed for the evolution of this gene family in plants.
INTRODUCTION
In eukaryotes, the cell division cycle is strictly regulated by cyclin-dependent kinases (CDKs) together with specific cyclin partners (Morgan, 1997; Dewitte and Murray, 2003) . The activity of CDKs can be regulated positively or negatively by transcriptional regulation, binding by other proteins, phosphorylation/dephosphorylation and proteolysis of the cyclin partner (Pines, 1995) . While binding by cyclins activates CDKs, CDK inhibitors (CKIs), generally low-molecularweight proteins, bind to CDKs and inhibit their activities (Sherr and Roberts, 1999; Mendenhall, 1998) .
In mammals, there are two families of CKIs: KIP/CIP and INK4 (Sherr and Roberts, 1999) . In yeast, three CKIs have been identified in the budding yeast Saccharomyces cerevisiae while only one in the fission yeast Schizosaccharomyces pombe (Mendenhall, 1998) . In plants, two families of CKIs are now known. The first has a conserved domain at the C terminus that shows limited similarity to the mammalian KIP/CIP inhibitor p27
Kip1 (Wang et al., 1997) . This family of proteins from arabidopsis is referred to as ICKs (interactors/inhibitors of cyclin-dependent kinase; Wang et al., 1997; Lui et al., 2000) , and also as KRPs (Kip-related proteins; De Veylder et al., 2001) . Revised nomenclature refers to them as the 'ICK/KRP family' . Apart from the conserved domain at the C terminus, ICK/KRP proteins are very different from the mammalian and yeast CKIs . Recently, a second family of CKIs was described, represented by SIAMESE (SIM) from arabidopsis (Churchman et al., 2006) and EL2 from rice (Peres et al., 2007) . They will be referred to as the SIM/EL2 family, based on the two initial members reported. SIM/EL2s are small proteins (about 14 kDa) and in the C-terminal region share a conserved EIEDFF sequence with the ICK/KRP proteins (Churchman et al., 2006; Peres et al., 2007) .
ICK/KRP members were isolated either by the yeast twohybrid approach from arabidopsis (Wang et al., 1997; Lui et al., 2000; Zhou et al., 2002) , tobacco (Jasinski et al., 2002a (Jasinski et al., , 2003 and alfalfa (Pettko-Szandtner et al., 2006) , or by data mining from arabidopsis (De Veylder et al., 2001) , maize (Coelho et al., 2005) , rice (Barroco et al., 2006) and tomato (Bisbis et al., 2006) . In vitro CDK inhibition activity has been demonstrated using recombinant ICK/KRP proteins to inhibit CDK complexes pulled down with p13
Suc1 -conjugated beads for arabidopsis ICK/KRP proteins (Wang et al., 1997 (Wang et al., , 1998 Lui et al., 2000; Nakai et al., 2006; Verkest et al., 2005) , as well as ICK/KRP proteins from tobacco (Jasinski et al., 2002b) , maize (Coelho et al., 2005) , alfalfa (Pettko-Szandtner et al., 2006) and tomato (Bisbis et al., 2006) . Domain-mapping studies showed that the interaction of ICK/KRPs with A-type CDKs and D-type cyclins is through the CDK/cyclin interacting/inhibiting domain (referred to hereafter as CID) located at the C-terminal region (Wang et al., 1998; Lui et al., 2000; Jasinski et al., 2002b) . A tomato ICK/KRP protein SlKRP1 was shown recently to have another motif in the central region that is able to interact with CYCD3 as the SlKRP1 variant lacking the C-terminal conserved region still interacted with SlCYCD3 (Nafati et al., 2010) .
Studies have shown that plants overexpressing an ICK/KRP gene display some common phenotypes, including reduced plant size, serrated leaves, reduced cell number and enlarged cells De Veylder et al., 2001; Zhou et al., 2002; Jasinski et al., 2002a Jasinski et al., , 2003 Barroco et al., 2006; Kang et al., 2007; Bemis and Torii, 2007) . At the cellular level, microinjection of recombinant ICK1 protein into Tradescantia virginiana stamen cells slowed mitosis by increasing the metaphase transit time (Cleary et al., 2002) . While transgenic plants with a strong phenotype had a reduced ploidy level due to the inhibition of endoreduplication (De Veylder et al., 2001; Zhou et al., 2002; Jasinski et al., 2002a Jasinski et al., , 2003 Barroco et al., 2006) , in transgenic plants weakly overexpressing ICK1 or ICK2, cells were induced to enter endoreduplication earlier, resulting in a higher level of ploidy (Verkest et al., 2005; Weinl et al., 2005) . These observations suggest that strong overexpression of ICK1 or ICK2 inhibits the cell cycle progression at both G1/S and G2/M transitions, resulting in a reduced ploidy level and cell number, while weak overexpression of ICK1 or ICK2 preferentially inhibits mitosis and promotes the entry into endoreduplication.
Overexpression of an ICK/KRP gene also has specific effects on plant morphology and cellular differentiation. In addition to leaf serrations consistently observed in several studies De Veylder et al., 2001; Zhou et al., 2002; Jasinski et al., 2002b) , reduction in fertility was also observed in arabidopsis lines expressing ICK1 under the control of a pollen-specific promoter (Zhou et al., 2002) or in rice lines overexpressing the rice KRP1 (Barroco et al., 2006) . Targeted expression of ICK1 in trichomes of arabidopsis plants under the control of the GL2 promoter caused reductions in both cell size and trichome branches (Schnittger et al., 2003) . Interestingly, these trichomes collapsed and died earlier compared with the wild-type plants. Furthermore, the phenotypic effects in ICK/KRPoverexpressing lines could be attenuated by co-expressing a D-type cyclin, which interacts with ICK/KRPs (Jasinski et al., 2002a; Schnittger et al., 2003; Zhou et al., 2003a) .
Despite significant progress made in understanding the functions and regulation of ICK/KRPs, many important questions remain. For instance, information is very limited regarding functional differences among different members of the ICK/KRP family in the same plant. The lack of a clear phylogenetic relationship hinders such studies. Apart from the conserved CID region, ICK/KRP proteins are very different from the mammalian CKIs and also show considerable sequence variability among themselves. In addition, although the function of CDK/cyclin interaction has been assigned to the CID region, specific sequences remain to be identified for possible biochemical functions such as interactions with other proteins, phosphorylation sites and motifs for regulating protein stability. In this study, a large number of new ICK/KRP sequences were identified and used for phylogenetic analysis, resulting in the classification of ICK/KRP proteins into three classes. Conserved sequences and putative functional motifs including novel motifs not known previously were identified, and they should be useful for further functional studies of these proteins. Furthermore, family-wide gene expression was also analysed using microarray and RT-PCR results.
MATERIALS AND METHODS

Sequence annotation and nomenclature
Using seven arabidopsis ICK/KRP protein sequences, ICK/ KRP-related sequences were identified by the BLAST algorithm (Altschul et al., 1990 ) from the public databases indicated in Supplementary Data Table S1 (available online). Actual cDNA sequence entries (i.e. expressed sequence tags, ESTs) were preferred over predicted cDNA sequences (i.e. from genomic sequence). Sequences with p values higher than 1e-8 in terms of similarity to the zrabidopsis ICK/KRPs were excluded from the analysis. During our searches, some inconsistencies in sequence information were detected in the ICK/KRP data and they are explained in Supplementary Data Table S2 . These inconsistencies were corrected manually using the 'BCM Search Launcher' tool: Sequence Utilities facility (http://searchlauncher.bcm.tmc.edu/seq-util/seq-util .html) (Smith et al., 1996) . ESTs with .95 % identity in the coding region were considered alleles. The names for the seven arabidopsis, six rice and published ICK/KRPs follow their published annotations.
Alignments and phylogenetic analysis
Protein alignments were made with CLUSTALW and a neighbour-joining tree was constructed with MEGA 3 . 1 (http:// www.megasoftware.net) (Kumar et al., 2004) . Poisson correction was used to calculate protein distances using a gap opening penalty of 10, a gap extension penalty of 0 . 1, a gap separation distance of 4, Blosum weight matrix and no residuespecific or hydrophilic penalties (Thompson et al., 1994) . Bootstrap values are based on 1000 iterations for testing the significance of nodes.
shigen.nig.ac.jp/rice/oryzabase/top/top.jsp). ICK/KRP genes on duplicated chromosomal blocks were determined using the 'Paralogons in the Arasbidopsis thaliana' database (http:// wolfe.gen.tcd.ie/athal/dup) (Blanc et al., 2003) and by mapping rice and poplar ICK/KRPs in the duplicated blocks described in Guyot and Keller (2004) and Tuskan et al. (2006) , respectively.
Protein properties and domain organization
Molecular weight (Mw) and isoelectric point ( pI) were computed via Swiss-Prot/TrEMBL (http://ca.expasy.org/tools/pi_ tool.html). The CID region was searched by using the SMART program (http://smart.embl-heidelberg.de/; Schultz et al., 2000) . ScanProsite (http://au.expasy.org/tools/scanprosite/; Sternberg and Islam, 1991) was used for detecting destruction box (R-X-X-[LM]-X-X-X-X-N) and phosphorylation site of p34
Cdc2 phosphorylation sites were also detected by PhosphoBase v. 2 . 0 (http:// www.cbs.dtu.dk/databases/PhosphoBase/ was used; current version available at http://phospho.elm.eu.org/) (Kreegipuu et al., 1999) . Significant PEST regions were predicted by the 'PEST finder' program (https://embl.bcc.univie.ac.at/toolbox/ pestfind/pestfind-analysis-webtool.htm; Rogers et al., 1986) . Coiled-coil conformations were estimated by the Lupas algorithm program (http://www.ch.embnet.org/software/COILS_form.html; Lupas et al., 1991) . Cell sorting signals (i.e. NLS) were obtained by the PSORT program (http://psort.ims.u-tokyo.ac.jp/) (Nakai and Horton, 1999) .
Motif identification
Conserved motifs in ICK/KRP proteins were identified statistically by the MEME-MAST program, version 3 . 0 (http:// meme.sdsc.edu/meme4_6_0/intro.html; Bailey and Elkan, 1994; Bailey and Gribskov, 1998) using motif setting as 6 to 200 length, 2 to 100 sites, and 'p' and 'e' values lower than 1e-8 and 1e-10, respectively. The resulting motifs were checked manually.
Microarray data
Expression values of ICK/KRPs were downloaded from publicly available Affymetrix array databases. For arabidopsis, ID and probe sequences were obtained at the Arabidopsis ATH1 Genome Array (http://www.affymetrix.com/products/ arrays/specific/arab.affx), while expression values were obtained at the NASC's International Affymetrix Service (http://affymetrix.arabidopsis.info/; see Supplementary Data  Tables S3 and S4 , available online, for more detailed information on these arrays). For rice, ID and probe sequences were obtained at the 'Rice Multi-platform Microarrary Search' (http://www.ricearray.org/matrix.search.shtml) and at the 'Plant Expression Database' (PLEXdb) (http://www. plexdb.org/modules/PD_probeset/annotation.php?genechip= Rice57k), respectively. Rice microarrays corresponding to 48 GeneChips described by Jain et al. (2007) (Toufighi et al., 2005) using the Atgenexpress tissue set with r-value cutoff range from 1 . 0 to 0 . 7. All microarray data were presented (heat maps) by using the Genesis software (Sturn et al., 2002) .
RT-PCR
Total RNA was isolated using TRIzol reagent (Invitrogen, Carlsbad, CA, USA) for most tissues, except germinating seeds for which total RNA was isolated as described by Vicient and Delseny (1999) . First-strand cDNA synthesis was performed using 5 mg of total RNA and the Superscript RT-PCR III System kit (Invitrogen). RT-PCR was performed as previously described (Wen et al., 2008) . cDNA inputs were standardized using a reference gene, At4g33380 (accession NM_119492), which is one of the most uniformly expressed genes (Czechowski et al., 2005) . Gene-specific primers used are listed in Supplementary Data Table S6 .
RESULTS
Analysis of ICK/KRP family in arabidopsis, rice and poplar
To obtain ICK/KRP-related sequences from different plant species, seven arabidopsis ICK/KRP sequences were used to search the databases of poplar (Populus trichocarpa) and two rice (Oryza sativa L.) subspecies ( japonica and indica) (see 'Materials and Methods'). Blast searches of the poplar genome database (Poplar v 1 . 0: http://genome.jgi-psf.org/ Poptr1/Poptr1.home.html) yielded seven significant matches with arabidopsis ICK/KRPs. Nomenclature of the poplar ICK/KRPs follows the phylogenetic relationship with arabidopsis ICK/KRPs. For indica rice (O. sativa subspecies indica), seven sequences related to arabidopsis ICK/KRPs were identified from the BGI rice genome database (http:// rice.genomics.org.cn/rice/link/cite.jsp) (Zhao et al., 2004) . For japonica rice (O. sativa subspecies japonica), Barroco et al. (2006) identified five genes designated as Orysa;KRP1 to Orysa;KRP5 by screening the database with the 'GRYEW and KYNFD' conserved sequences. However, Guo et al. (2007) reported two additional genes designated as Orysa;KRP6 (Os09g28580) and Orysa;KRP7 (Os01g37740). Orysa;KRP6 encodes a protein with the conserved CID region, while Orysa;KRP7 encodes a protein that lacks the CID, but shows sequence similarities to the Orysa;KRP4 and Orysa;KRP5 at the N-terminal region. Our analysis indicates that the protein encoded by Orysa;KRP7 is unlikely to be an alternative-splicing variant of a longer mRNA (which includes the CID region) as no match with the conserved CID region could be found in the intergenic region for this gene (data not shown). As the conserved CID region is the hallmark for the ICK/KRP family of plant CDK inhibitors (Wang et al., 1998; Lui et al., 2000; Jasinski et al., 2002b; Zhou et al., 2003b; Schnittger et al., 2003) , we consider the presence of the CID region necessary for a sequence to be included in this family. Therefore, we suggest that there are six ICK/KRP genes in the rice genome (Supplementary Data Table S7 , available online). The six rice ICK/KRP proteins from the two rice subspecies match each other well. To follow the initial name given to this gene family and also to distinguish the sequences from the japonica subspecies, ICK/KRP genes from Oryza sativa subspecies indica are referred to as ICKs.
ICK/KRP families in these model plants have similar numbers (six to seven). Excluding the small Orysa;KRP6, arabidopsis, poplar and rice ICK/KRP genes encode polypeptides ranging from 189 (Arath;ICK3/KRP5) to 289 (Arath;ICK7/ KRP4) amino acid residues, with a molecular mass from 21 . 3 to 32 . 1 kDa (Supplementary Data Table S7 ).
ICK/KRP genes from other plant species
Using two criteria, a BLAST search 'p' value (the probability of such a match between random sequences) lower than 1e-8 and presence of the CID region, 133 non-redundant sequences related to ICK/KRPs were found from 63 plant species. Thirty-two of the sequences were not used in the final data set because they were not the complete coding sequences. Eight full-length ESTs were found to be mis-annotated (e.g. with incorrect start codon predictions, splicing errors and missing or additional exons) after comparing them with genomic DNA sequences. They were manually corrected (Supplementary Data Table S2 ). A total of 101 full-length sequences (from 40 species) were considered as members of the ICK/KRP family and used for phylogenetic analysis. Interestingly, ICK/KRP-related sequences were found only in vascular plants (two gymnosperm and 38 angiosperm species), while no sequences were found from algae (Chlamydomonas reinhardtii, Volvox carteri and Ostereococcus tauri) or bryophyte (Physcomitrella patens) genome databases.
Phylogenetic analysis of the ICK/KRP family
Based on sequence alignment and construction of a neighbour-joining phylogenetic tree, the putative proteins encoded by the 101 unique sequences were classified into three major classes (Fig. 1) . The A-class contains 38 sequences only from dicotyledonous plants, while the B-class contains 21 sequences only from monocotyledonous plants. The C-class has 27 sequences from dicotyledons, 13 from monocotyledons and two from gymnosperms ( Fig. 1) . The A-class (dicotspecific) is represented by Arath;ICK1/KRP1, Arath;ICK2/ KRP2, Arath;ICK4/KRP6 and Arath;ICK5/KRP7 and related sequences from poplar (Poptr;ICK1-2 and Poptr;ICK4-5); and the B-class (monocot-specific) is represented by Orysa;KRP1, Orysa;KRP2, Orysa;KRP3 and Orysa;KRP6. 191 residues in the core CID of Arath;ICK4/KRP6 are manually substituted with the conserved residues (D, F, A, Y and Q, respectively) derived from Ara;KRP7, Poptr;ICK4 and Poptr;ICK5, Arath;ICK4/KRP6 is re-grouped with them (data not shown). Using the consensus criteria of Joshi et al. (1997) and based on the alignment of the 93 sequences, a single conserved signature sequence, Fig. S1 , available online), is identified in the conserved CID. This signature can thus be used to define new ICK/KRP members.
Sub-groups in each class can also be distinguished, due to the use of a relatively large number of sequences and presumably also the quality of these sequences. Each class contains at least two sub-classes (clades) with sequences from diverse species, showing that they are more related to each other than to other ICK/KRP members of the same plant species. For instance, the A-class contains members from Leguminosae (soya, alfalfa, bean and pea), Solanaceae (tobacco, potato and petunia) and Crassulaceae (arabidopsis) as well as sequences from woody plants ( poplar, lemon and ipomoea). Within the B-class, there is a group of atypical ICK/KRP sequences with about 90 amino acids in length from maize, sugar cane, barley and bent grass, which therefore constitute a new subgroup of ICK/KRPs exclusive to monocotyledons (Fig. 1) . Interestingly, the more ancient ICK/KRP members from two conifer species, Pinus taeda (Pinta;TC61074) and Picea glabra (Picgl;TC9046), are classified within the C-class. Proteins of these two sequences (295 and 283 amino acids for Picgl;TC9046 and Pinta;TC61074, respectively) are longer than the other ICK/KRPs. The observation that the C-class has sequences from more ancient conifer species as well as monocotyledonous and dicotyledonous species suggests that the C-class might have existed first, before the emergence of the other two classes.
Genomic structure of ICK/KRP genes of arabidopsis, poplar and rice
The exons and introns in arabidopsis, poplar and rice ICK/KRP genes were analysed by comparing the cDNA sequences with the genomic sequences. Overall, ICK/KRP genes are divided into two groups, one group with three exons (Arath;ICK3,6,7, Poptr;ICK3,6,7 and Orysa;KRP4-6) and the other group with four exons (Arath;ICK1,2,4,5, Poptr;ICK1,2,4,5 and Orysa;KRP1-3; Fig. 2 ). The first exon is generally larger than the last one in all ICK/ KRPs. The second exon in the four-exon group is generally the shortest among all exons (except the one in Orysa;KRP3). The coding region corresponding to the CID is split into the last two exons in all sequences analysed except Orysa;KRP3, which has an unusual fourth exon (Fig. 2) . The last exon is the most conserved in terms of size and sequence similarity and encodes the C-terminal portion of the CID, while the second last exon encodes the N-terminal portion of the CID. The exon-intron organization shows sequence relatedness that is consistent with the phylogenetic tree based on sequence analysis (Fig. 2) . For instance, the exon and intron organizations of the arabidopsis and poplar A-class ICK/KRP genes are more similar among themselves than to the genes in the other two classes. In the C-class, the last exon is similar for eight ICK/KRPs from arabidopsis, poplar and rice. Interestingly, exon 2 of Arath;ICK3/KRP5 is smaller than other members in the C-class, indicating a possible shortening of this exon in Arath;ICK3/KRP5 during evolution. Comparison of introns revealed that the introns of rice ICK/KRPs in general are longer than arabidopsis ICK/ KRPs whereas the exon lengths are similar (Fig. 2) .
Duplication of ICK/KRP genes in arabidopsis, poplar and rice genomes
The phylogenetic and gene organization analyses on ICK/ KRPs suggest that consecutive gene duplication would explain a progressive expansion of the family. To test this hypothesis we mapped the chromosome positions of arabidopsis, poplar and rice ICK/KRP genes, and traced their potential duplicated blocks using available bioinformatics tools (Blanc et al., 2003; Guyot and Keller, 2004; Tuskan et al., 2006) to determine possible gene duplications. Our analysis indicates that five ICK/KRP genes from both arabidopsis and rice and the seven from poplar are mapped to duplicated blocks (Fig. 3) . In arabidopsis, Arath;ICK4/KRP6 and Arath;ICK5/ KRP7 co-align in duplicated blocks on chromosomes III and I, while Arath;ICK2/KRP2, Arath;ICK6/KRP3 and Arath;ICK7/KRP4 are mapped to duplicated blocks, which do not co-align with any ICK/KRP-containing blocks (Fig. 3A) . Furthermore, loci of Arath;ICK6/KRP3 (chromosome V) and Arath;ICK7/KRP4 (chromosome II) co-align with the same duplicated region free of ICK/KRP on chromosome I (Fig. 3A) , suggesting that gene deletion or translocation might have occurred.
In contrast to arabidopsis ICK/KRPs, rice and poplar ICK/ KRPs have more duplicated pairs (Fig. 3B, C) . In rice, Guyot and Keller (2004) reported 52 duplicated blocks that cover 65 . 7 % of the genome. Five of the six rice ICK/KRP genes are in duplicated blocks. Orysa;KRP1 and Orysa;KRP2 are in a pair of duplicated blocks on chromosomes II and VI, while Orysa;KRP4 and Orysa;KRP5 are in another pair on chromosomes X and III. Orysa;KRP3 is located on chromosome XI in a duplicated segment that co-aligns with another block free of ICK/KRP on chromosome VIII. In poplar, Poptr;ICK1-2, Poptr;ICK4-5 and Poptr;ICK6-7 pairs co-align to common duplicated blocks, although the exact location of Poptr;ICK4 is not known as it belongs to a scaffold fragment that has not been assigned to a chromosome (Tuskan et al., 2006) . The rice Orysa;KRP3 is not located in a known duplicated block, but sequence-wise, it is similar to Orysa;KRP4 and Orysa;KRP5.
Conserved domains and motifs in ICK/KRP proteins of arabidopsis, poplar and rice
Using the protein sequences of ICK/KRPs from the model plants, we searched for the presence of putative functional domains and motifs: the conserved CID, nuclear localization signal (NLS: monopartite, type I; and bipartite, type II), protein degradation signal (PEST), coiled-coil domain and CDK phosphorylation site. CID is uniformly present at the C terminus in all ICK/KRP proteins (Fig. 4A) . Our analysis shows a moderate frequency of putative NLSs (12 of 20 sequences in Fig. 4A ). Although a putative NLS is not detected in Arath;ICK6/KRP3 or Arath;ICK4/KRP6, experimentally all seven arabidopsis, two tobacco and two tomato ICK/KRPs are shown to be localized in the nucleus (Jasinski et al., 2002b (Jasinski et al., , 2003 Zhou et al., 2003b; Bird et al., 2007; Nafati et al., 2010) . Ten of the 20 proteins are found to contain putative PEST sequences ( Fig. 4A and Supplementary Data Table S8 , available online), which may be involved in protein degradation (Rogers et al., 1986) . Rice ICK/KRP appears to have a lower frequency with only two members containing the PEST domain (Orysa;KRP2 and Orysa;KRP4). Potential CDK phosphorylation sites were found in 16 of 20 ICK/KRPs (Fig. 4A and Supplementary  Data Table S8 ), indicating a possible high prevalence of phosphorylation in this family of proteins. Experimentally, in vitro phosphorylation has been demonstrated for Arath;ICK2/KRP2 (Verkest et al., 2005) and alfalfa KRPMt (Pettko-Szandtner et al., 2006) . In contrast to the frequent occurrence of putative NLSs, PEST and CDK phosphorylation sites, a coiled-coil domain, often involved in protein -protein interactions (Lupas, 1996) , is only present in Arath;ICK1/KRP1.
Identification of conserved sequence motifs can help functional studies of proteins. In our analysis, nine consensus sequence motifs were identified by the MEME/MAST program (Bailey and Elkan, 1994; Bailey and Gribskov, 1998) (http://meme.nbcr.net/meme4_4_0/cgi-bin/meme.cgi) in the ICK/KRP sequences from the three model plants (Fig. 4) . To identify conserved motifs, we excluded regions which are homologous only between recently duplicated genes (i.e. pairs of arabidopsis ICK4/KRP6 and ICK5/KRP7, and poplar ICK6/ICK7, respectively). The distribution of the motifs follows the phylogenetic classification. Motifs 1 and 2 are present in all ICK/KRP proteins; motifs 3 -4 and motifs 5 -6 are only present, respectively, in members of the A-and B-class, while motifs 7, 8 and 9 are present in members of both the B-and C-class (Fig. 4A) . Conserved motifs were reported previously among seven arabidopsis and one Chenopodium ICK/KRP (De Veylder et al., 2001) . Motifs 1 -2, 3, 4, 5 and 6 described by De Veylder et al. (2001) correspond to motifs 1, 2, 7, 8 and 9 described here (Fig. 4B ). During submission of this manuscript, Nafati et al. (2010) reported six motifs from analysis of ICK/KRP sequences, with motifs 1, 2, 3, 4, 5 and 6 corresponding to motifs 1, 2, 7, 5, 8 and 9 described here, respectively. The functions of a few major sequence motifs are known. Motif 1 in ICK1 is required for interacting with CDKA ( Wang et al., 1998) and for inhibiting CDK activity in plants (Zhou et al., 2003b described SIM/EL2 family of CKIs also contains a shorter version of this motif, and its function in interacting with D-type cyclins has been established (Peres et al., 2007) . Interestingly, motif 2 of the tomato SlKRP1 was identified to be responsible for the interaction with CSN5A, a subunit of the COP9 signalosome (Nafati et al., 2010) . Motif 7 of the arabidopsis ICK/KRP proteins confers nuclear localization of the fusion proteins with green fluorescent protein (GFP) Bird et al., 2007) . This motif also specifies a punctate sub-nuclear localization pattern (Jakoby et al., 2006; Zhou et al., 2006) . Most recently, Nafati et al. (2010) showed that another motif in the tomato SlKRP1 (corresponding to motif 8 here) functions redundantly with the motif corresponding to motif 7 here in conferring the punctate nuclear localization. In addition, motif 5 contains at least one putative CDK phosphorylation site in all sequences containing this motif, although phosphorylation with any of the sites is yet to be shown. The functional significance of motifs 3 -6 and 9 (Fig. 4B) remains unknown.
Expression analysis of ICK/KRP genes
We analysed the expression of arabidopsis ICK/KRP genes for 73 different tissues/developmental conditions using microarray data from the NASC's International Affymetrix Service (Supplementary Data Tables S3 and S4 ). Expression of Arath;ICK4/KRP6 was not analysed as it was absent in the ATH1 GeneChip used. In general, arabidopsis ICK/KRPs were expressed at low levels but showed preferential expression in specific tissue/developmental conditions (Fig. 5A) . To examine the expression patterns of ICK/KRP genes further, we also performed RT-PCR for the seven arabidopsis ICK/KRPs using selected tissues, mostly chosen to be similar to those used for the microarray experiments (Fig. 5B ). For ease of comparison, the microarray and RT-PCR results are described together. Similar patterns of expression were observed from both microarray and RT-PCR data for several tissues at least in terms of the prominent ICK/KRP members expressed, including: Arath;ICK1/KRP1 and Arath;ICK7/KRP4 in old and senescing leaves; Arath;ICK2/KRP2 in stems; Arath;ICK2/ KRP2, Arath;ICK7/KRP4 and Arath;ICK5/KRP7 in flowers and petals (with Arath;ICK2/KRP2 most strongly expressed in petals); and Arath;ICK7/KRP4 in germinating seeds ( Fig. 5A ; compare with Fig. 5B ). The expression of Arath;ICK1/KRP1 in old leaves and Arath;ICK2/KRP2 in stem and floral tissues has been reported previously (Wang et al., 1998; Lui et al., 2000; De Veylder et al., 2001) . There are some differences between the microarray and RT-PCR results; RT-PCR results show relatively higher levels of Arath;ICK2/KRP2 and Arath;ICK7/KRP4 in roots and shoots (Fig. 5B) , while there was no significant expression for either of the two genes in these tissues by microarray data (Fig. 5A) . Similarly, clear increases in the levels of expression were observed by RT-PCR for Arath;ICK5/KRP7 in senescing leaves and flowers (Fig. 5B) , but not by microarray data. One reason for the differences may be that RT-PCR is more sensitive to low levels of transcripts due to the power of PCR amplification. Also, the signal intensities in microarray analysis are not a measure of the absolute transcript abundance (Vigneault et al., 2007) . In addition, differences in tissues and experimental conditions used for the microarray and RT-PCR analyses could contribute to the variation. Given these differences, it is unlikely that the patterns of expression based on microarray analysis would match exactly the patterns of expression based on RT-PCR analysis. We focus our attention on the relatively strong and clear patterns of expression.
For several tissue samples, only data from microarray or RT-PCR are available. Microarray data show that in the shoot apex, the expression of Arath;ICK6/KRP3 was strongest (Fig. 5A) . By contrast, RT-PCR results show that in germinating seeds 2 d after imbibition, all ICK/KRPs except Arath;ICK1/KRP1 were weakly and almost evenly expressed (Fig. 5B) . The RT-PCR analysis showed that Arath;ICK4/ KRP6 (not present in the ATH1 chip) had a higher expression level in roots among different tissue samples used in the analysis (Fig. 5B) .
Expression of rice ICK/KRPs was analysed using the microarray data reported by Jain et al. (2007) (Supplementary Data  Table S5 ). Little expression was observed for Orysa;KRP2 and Ory;KRP3 (Fig. 6A) . Interestingly, Orysa;KRP1 was expressed at a relatively high level in mature leaf, and in this regard resembles Arath;ICK1/KRP1, suggesting that both may have a role in leaf differentiation or leaf senescence (Fig. 6A ). Orysa;KRP1 is also the predominant member of rice ICK/KRPs to be expressed during seed germination (Fig. 6A) (Barroco et al., 2006) . Like arabidopsis ICK/KRPs, some rice members are associated with proliferating tissues. For instance, Orysa;KRP5 and, to a lesser extent, Ory;KRP4 were expressed in the shoot apex while Orysa;KRP5 and Ory;KRP6 were expressed in early stages of panicle development (Fig. 6A) .
We analysed the microarray data of poplar (Ramírez-Carvajal et al., 2008) and the expression patterns are shown in Fig. 6B expressed in poplar, followed by Poptr;ICK1 and Poptr;ICK7. More poplar ICK/KRP members are expressed in nodes than other tissues (Fig. 6B) . In general, no ICK/KRP gene from poplar seems to be significantly expressed in stems.
DISCUSSION
Classification of plant ICK/KRP proteins into three major classes ICK/KRP plant CKIs are considered a family of core cell cycle regulators in plants (Verkest et al., 2005; Wang et al., 2006 Wang et al., , 2007 . It is important to understand how widespread they are among diverse species. In the present study, ICK/ KRP-related sequences were found in more than 60 vascular plant species by searching all the common public EST and genomic databases. Interestingly, ICK/KRP-related sequences were not found in algae and bryophytes. Searching the databases of several model animals and human using arabidopsis ICK sequences, we were able to identify p27 Kip1 proteins from mouse and human but failed to identify any sequence from Drosophila or Caenorhabditis elegans (data not shown), suggesting that the ICK/KRP and KIP sequences became more similar among species which appeared later in the plant and animal lineages. These observations suggest that the ICK/KRP family in plants and the KIP/CIP family in animals might have evolved independently. The fact that the conserved sequences in plant ICK/KIP proteins and animal KIP proteins are structured differently (Wang et al., 1997) is also consistent with this suggestion. Thus, plant ICK/KRP genes might have appeared either after plants colonized continental lands or after vascular plants emerged. The emergence of ICK/KRP genes could serve the needs of more complex multi-tissue land plants. In this regard, the name ICK may be better suited to describe this family of genes.
Based on the phylogenetic analysis of 101 unique ICK/KRP sequences, ICK/KRP proteins are classified into three classes. We were able to construct a clear phylogenetic tree for this family of proteins using a relatively large set of full-length protein sequences. Based on the distribution of sequences and sequence similarity, we propose a model to explain the evolution of the ICK/KRP family (Fig. 7) . Early in the evolution of the family, two branches were formed consisting of the C-class and the A/B-classes. As the C-class contains members from dicotyledonous, monocotyledonous and gymnosperm plants while the A/B-class contains only sequences from dicotyledonous or monocotyledonous species, we propose that the C-class was present before the emergence of angiosperms. The A-and B-classes would have emerged from the C-class or from a common ancestral class (Fig. 7) . During speciation, the C-class might have diverged but retained sufficient conservation to allow it to be distinguished based on the sequence phylogenetic analysis (lower part of Fig. 7 ). It appears that the A-and B-classes split prior to the speciation of dicotyledons and monocotyledons so that each of the two classes is now either monocotor dicot-specific (Fig. 7) . The gene number of the ICK/KRP family increased through segmental duplication in the plant genomes. We suggest the following duplication events. The first duplication probably occurred before or around the time of the angiosperm/gymnosperm split (320 Mya; Bowe et al., 2000) , therefore dividing the family into A/B-and C-classes. A second duplication could have occurred before the monocotyledons and dicotyledons separated (150 Mya; Chaw et al., 2004) resulting in distinct A-and B-classes. The last and most evident duplication occurred during the specialization of monocotyledons and dicotyledons, probably even after the arabidopsis/ poplar split (80 Mya; Wikstrom et al., 2001) , resulting in the sub-groups observed in each class (i.e. the pairs Arath;ICK4/ KRP6 and Arath;ICK5/KRP7, Poptr;ICK1/Poptr;ICK2 and Poptr;ICK4/Poptr;ICK5, and Orysa;KRP1/Orysa;KRP2 and Orysa;KRP4/Orysa;KRP5; Fig. 3 ).
The exon -intron organization of ICK/KRP genes supports the phylogenetic classification based on sequence analysis. Analysis of arabidopsis and rice genes shows that genes in the A-and B-classes (except Orysa;KRP6) have four exons, while genes in the C-class have only three (Fig. 2) . It is tempting to speculate that one exon from a primitive gene in the C-class underwent a split, becoming the ancestor of the Aand B-classes. Moreover, within each class, members have similar exon -intron organization, probably due to more recent segment duplications giving rise to paralogues. To validate our phylogenetic analysis, we produced several trees with different numbers of sequences. When more than 80 sequences were used, the phylogenetic tree showed the same three major classes (data not shown). Therefore, the general phylogenetic topology consisting of the three classes will probably remain similar with additional sequences.
The ICK/KRP genes in different plants have been named by different laboratories chronologically. The phylogenetic relationships for ICK/KRP genes from different plants were not clear due to the sequence diversity and incomplete genome sequence information, making it difficult to compare genes from different plants. The present analysis has resulted in the clearest phylogenetic classification of ICK/KRP genes from different species so far. This classification makes it possible to number genes from other plants which have not been named, based on the alignment with the corresponding genes of model species such as arabidopsis and rice, thus avoiding further confusion by numbering genes in different species independently. In this regard, if the ICK number system is used, it should be easier to relate the gene numbers with the phylogenetic classification, facilitating future functional comparisons. Therefore, we have proposed ICK designations for the model species poplar, indica rice and Brachypodium distachyon. For arabidopsis and poplar, ICK1/2/4/5 belong to Class A and ICK6/7/3 to Class C (Fig. 1) . For indica rice, ICK1 -4 belong to Class B and ICK5 and 6 to Class C. Similarly, for Brachypodium distachyon ICK1 -4 belong to Class B and ICK5 -7 to Class C.
Analysis of conserved motifs and putative functional sites
Identification of conserved sequences in a family of proteins provides useful hints for functional characterization and for determining functional differences among different members. Analysis of 20 ICK/KRP protein sequences representing three model plants (arabidopsis, rice and poplar) identified nine conserved motifs (Fig. 4) . The presence of the conserved motifs conforms in general to the phylogenetic classification. Rice members of the B-class contain motifs that are more common with motifs in members of the C-class (motifs 7 -9), but not in members of the A-class. Other motifs seem to be restricted to a particular lineage. As the conserved motifs are shared by members from different plant species, these motifs probably have functions associated with them.
The best conserved sequence among ICK/KRP proteins is motif 1. This is not surprising given its role in interacting with CDK and inhibiting CDK activity (Wang et al., 1998; Zhou et al., 2003b ). Despite the relatively high level of conservation for this motif, arabidopsis ICK/KRP proteins show some differences in their ability to interact with Arath;CDKA (Zhou et al., 2002) . It is not known whether the differences are due to the variation in the consensus sequence or in the surrounding sequences. All ICK/KRP proteins studied so far can interact with D-type cyclins (Wang et al., 1998; Fountain et al., 1999; Lui et al., 2000; De Veylder et al., 2001; Zhou et al., 2002 Zhou et al., , 2003a Jasinski et al., 2002a Jasinski et al., , b, 2003 Schnittger et al., 2003; Pettko-Szandtner et al., 2006; Bisbis et al., 2006; Jakoby et al., 2006) . Motif 2 resides in the cyclin-binding domain of ICK1 (Wang et al., 1998) , and the role of this motif in the interaction with a D-type cyclin has been confirmed with a different CDK inhibitor, rice EL2 (Peres et al., 2007) . Furthermore, reports have shown that ICK/KRPs can also interact with CDK/cyclin complexes other than the expected CDKA/CYCD complexes, including CDKB/CYCD2 (Nakai et al., 2006) , alfalfa CDKB2;1 complex (Pettko-Szandtner et al., 2006) and maize CYCA complexes (Coelho et al., 2005) . A clear phylogenetic tree is helpful to the analysis of differences among members in their interactions with CDKs and cyclins.
Motif 7 in arabidopsis ICK/KRPs confers nuclear localization of the fusion protein with GFP, as well as a punctate subnuclear pattern (Jakoby et al., 2006; Zhou et al., 2006; Bird et al., 2007) . No experimental information is available on the functions of other motifs. The observation that motifs 3 and 4 are only present in A-class proteins while motifs 5 and 6 are not present in B-class proteins (Fig. 3) is one indication that there is probably functional differentiation among the three classes of ICK/KRP proteins.
In addition to the conserved sequence motifs, other putative functional motifs are also identified. Analysis shows that the majority of ICK/KRP proteins contain either a monopartite or a bipartitie NLS (Fig. 4A) . Studies have shown that all plant ICK/KRP proteins analysed experimentally so far are localized in the nucleus (Jasinski et al., 2002a (Jasinski et al., , 2003 Zhou et al., 2003b; Bird et al., 2007; Nafati et al., 2010) . For Arath;ICK1/KRP1, three separate sequences in the N-terminal, central and C-terminal regions could confer nuclear localization of GFP fusion proteins (Jakoby et al., 2006; Zhou et al., 2006) , even though only one NLS was predicted through bioinformatics analysis. As the almost exclusive nuclear localization of ICK/KRP proteins is unlikely due entirely to 'piggybacking' on another protein, it appears that not all nuclear localization sequences have been detected in ICK/KRP proteins by the bioinformatics analysis.
Timely removal of CDK inhibitors is important for normal cell cycle progression (Schnittger et al., 2003) . It is known that Arath;ICK1/KRP1 and Arath;ICK2/KRP2 are unstable proteins (Zhou et al., 2003b; Verkest et al., 2005) . The removal of the N-terminal region increased the stability of truncated ICK1/KRP1 protein (Zhou et al., 2003b) . Recently it was shown that a RING-figure E3 ligase RKP probably targets arabidopsis ICK1/KRP1 and ICK2/KRP2 for degradation (Ren et al., 2008; Lai et al., 2009) , while another RING-figure E3 RHF1a/2a was shown to interact and degrade, via proteasome, the arabidopsis ICK4/KRP6 during male gametogenesis (Liu et al., 2008) . In addition, an F-Box-like 17 (FBL17), which forms an E3 ubiquitin ligase complex (SCF FBL17 ) consisting of ASK1, Cullin1 and FBL17, interacts and targets the arabidopsis ICK4/KRP6 and ICK5/KRP7 for degradation (Kim et al., 2008; Gusti et al., 2009) . The degradation of arabidopsis ICK4/KRP6 and ICK5/KRP7 appears to be essential for male gametogenesis (Kim et al., 2008; Liu et al., 2008) . The tobacco ICK/KRP protein NtKIS1a was found to interact with a homolog of the subunit 5 of COP9 signalosome, a conserved protein complex that functions in the ubiquitin -proteasome pathway (Le Foll et al., 2008) . Motif 2 in tomato SlKRP1 has been found to be critical for this interaction, suggesting that motif 2 may also be involved in proteasomemediated degradation of ICK/KRP proteins (Nafati et al., 2010) .
PEST and D-box sequences have been shown to be involved in degrading cyclins (Rogers et al., 1986; Renaudin et al., 1998) . In this regard, searching for putative PEST and D-box sequences would help to identify some of the sequences involved in the degradation of ICK/KRP proteins. Putative PEST sequences were detected in half of the ICK/KRP protein sequences tested, and putative D-box sequence only in Cheru;CDKI1 (data not shown). The possible roles of these putative PEST and D-box sequences are subject to experimental analysis.
Reversible protein phosphorylation/dephosphorylation events are essential during cell cycle progression (Nurse, 1994) . It has been shown that Arath;ICK2/KRP2 can be phosphorylated by both CDKA;1 and CDKB1;1 and in a mutant with decreased CDKB activity, the level of Arath;ICK2/ KRP2 increased, suggesting that phosphorylation of Arath;ICK2/KRP2 by CDKB decreased its stability (Verkest et al., 2005) . An ICK/KRP CDK inhibitor KRPMt could be phosphorylated by a recombinant calmodulin-like domain protein kinase in vitro and this phosphorylation enhanced the CDK inhibition activity of KRPMt (Pettko-Szandtner et al., 2006) . However, no specific phosphorylation sites have been experimentally identified in any of the ICK/KRP proteins. The present analysis shows that most of the 20 ICK/KRP proteins analysed carry putative phosphorylation sites, implying that many of them may be phosphorylated (Fig. 4A) . Future experiments will determine whether some of them are actually phosphorylated in these proteins.
Analysis of gene expression patterns
Expression patterns of ICK/KRPs were analysed to find association of their expression with certain tissues and processes. The expression of arabidopsis ICK/KRP genes has been described in previous studies (Wang et al., 1998; Lui et al., 2000; De Veylder et al., 2001; Ormenese et al., 2004; Menges et al., 2005) , but only for limited tissues and conditions. We analysed the expression patterns using a microarray dataset either to extend existing observations or to discover new patterns. Several observations are of interest. First, Arath;ICK1/KRP1 and Arath;ICK7/KRP4 are more strongly expressed in old and particularly senescing leaves. It is now becoming clear that some plant CKIs may function to inhibit cell proliferation during plant development. Arabidopsis Arath;ICK1/KRP1 and Arath;ICK2/KRP2 appear to function in arresting the cell cycle, and thus may promote cell differentiation. This suggestion is supported by the observations from several studies that showed increased expression when the cell cycle is inhibited (Menges et al., 2005) , increased expression of Arath;ICK1/KRP1 in old leaves, and induction by abscisic acid and salt (Wang et al., 1998; Ruggiero et al., 2004) , and promotion of endoreduplication when weakly overexpressed (Verkest et al., 2005; Weinl et al., 2005) . The strong expression of Arath;ICK1/KRP1 in senescing leaves further suggests that Arath;ICK1/KRP1 expression may promote leaf senescence, consistent with the observation that tissue-specific expression of Arath;ICK1/ KRP1 in trichomes leads to cell death (Schnittger et al., 2003) . Second, both microarray and RT-PCR data show that in arabidopsis stem tissue, Arath;ICK2/KRP2 has a much higher level than other arabidopsis ICK/KRPs (Fig. 5) . Lui et al. (2000) observed that the expression of Arath;ICK2/ KRP2 is highest in stems among several different tissue types tested. The consistency of data from three different approaches (northern blots, microarray and RT-PCR) suggests that Arath;ICK2/KRP2 probably plays a role in the stem. While the level of Arath;ICK1/KRP1 is relatively high in differentiated leaves, Arath;ICK6/KRP3 is strongly expressed in the shoot apex, suggesting different roles for different members of the family.
In addition to extending previous observations, new patterns of expression for arabidopsis ICK/KRPs are also described from this study, including Arath;ICK2/KRP2, Arath;ICK7/ KRP4 and Arath;ICK5/KRP7 in petals and Arath;ICK7/ KRP4 in seeds in the early stage of germination. These observations are supported by both microarray and RT-PCR, adding confidence regarding the preferential expression in these tissues. Despite significant progress made in understanding plant CKIs, less is known about their specific functions and physiological effects in plants. The information on preferential expression in specific tissues will be useful to focus our attention to tissues where one or more ICK/KRPs are prominently expressed. Among rice ICK/KRPs, strong expression has been observed for Orysa;KRP5 and Orysa;KRP6 during panicle development and relatively strong expression for Orysa;KRP1 in mature leaves (Fig. 6) . However, more data will be required to obtain a clear understanding of the relative levels of rice ICK/KRPs in various tissues under different conditions.
Conclusions
Our understanding of the fundamental aspects of the molecular and biochemical functions and regulation of the ICK/ KRP plant CDK inhibitors has increased, particularly on a few prominent members such as Arath;ICK1/KRP1 and Arath;ICK2/KRP2 ). An important challenge is to understand the differences among different members of this gene family and their specific roles in plant tissues and various processes. The in planta functional analysis of ICK/KRP genes has been hampered in the presence of multiple members in this gene family and likely functional redundancy. In addition, unlike other core cell cycle regulators such as CDKs and cyclins that have been classified into subfamilies, there had been no clear phylogenetic classification for the ICK/KRP CKIs. The classification of ICK/KRP genes into three classes as well as the expression patterns identified in this study can guide future efforts to determine the differences among the three subclasses of these CKIs. Clarification of the relationship among ICK/KRP sequences from different species also allows us to propose a model for further tests regarding how these genes might have evolved. At the molecular level, conserved domains and motifs shared by ICK/KRP protein sequences from diverse plant species suggest that they probably have specific functions in the plant. Although functions for several motifs have been identified, it will be interesting to identify roles for the remaining motifs. Furthermore, some of the expression patterns identified would encourage functional analysis of individual ICK/KRPs in specific tissues or at specific stages of plant development.
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